Microfossils, stromatolites, and chemical biosignatures indicate that Earth became a biological planet more than 3.5 billion years ago, making most of life's history microbial. Proterozoic rocks preserve a rich record of cyanobacteria, including derived forms that differentiate multiple cell types. Stromatolites, in turn, show that microbial communities covered the seafloor from tidal flats to the base of the photic zone. The Archean record is more challenging to interpret, particularly on the question of cyanobacterial antiquity, which remains to be resolved. In the late Neoproterozoic Era, increasing oxygen and radiating eukaryotes altered the biosphere, with planktonic algae gaining ecological prominence in the water column, whereas seaweeds and, eventually, animals spread across shallow seafloors. From a microbial perspective, however, animals, algae, and, later, plants simply provided new opportunities for diversification, and, to this day, microbial metabolisms remain the only essential components of biogeochemical cycles.
W e live on a planet that records its own history, encrypted in the physical and chemical features of sedimentary rocks (Knoll 2003) . Part of this history is biological; as appreciated by every child who has visited a natural history museum, bones and shells furnish a remarkable chronicle of animal evolution, complete with dinosaurs, trilobites, and other evocative taxa. The fossil record of animals extends nearly 600 million years into the past, but comparative biology makes it clear that diverse microorganisms populated our planet long before animals first evolved. The Earth itself is .4.5 billion years old, and the known sedimentary record begins with highly metamorphosed sedimentary rocks deposited 3.8 billion years ago. To what extent do Earth's older sedimentary rocks provide a direct and informative record of our planet's deep evolutionary history?
BIOLOGICAL SIGNATURES OF BACTERIA AND ARCHAEA It surprises no one that the mineralized skeletons of tyrannosaurs should leave a phylogenetically and functionally tractable record in sedimentary rocks. That the same could be true for bacteria is less obvious. How can bacterial cells, tiny and apparently evanescent, impart a geologic signature to the sedimentary record? And even if we find bacterial fossils, can they be interpreted with confidence in terms of phylogeny or energy metabolism?
The processes by which a microbial record is inscribed into sediments have recently been reviewed in detail , so a brief synopsis will suffice here. Bacteria can preserve conventionally as microfossils, given the presence of walls or extracellular envelopes that resist postmortem decay ( mentary record, whereas cellular tissues are not, so too can the decay-resistant bounding features of some bacteria preserve a record of microbial morphology and life cycle, even though cell contents disappear soon after death.
Burial is an integral part of fossilization, in part, because walls and envelopes are more likely to survive microbial decay when diffusion limits the availability of O 2 and other oxidants. Before the advent of bioturbating animals, even a thin layer of mud would have sealed microbial remains from the overlying water column, and, so, in Earth's early geologic record, microfossils are commonly preserved as compressions, their walls or envelopes flattened between thin beds of mudstone (Fig. 1L ). In contrast, mineral precipitation can fossilize microorganisms in three-dimensional detail, preserving both patterns of cell division and behaviorally informative orientations of individuals and populations. Bacterial microfossils can be replicated by calcium carbonate, pyrite, or, more rarely, the phosphate mineral apatite (Fig. 1H ), but by far the best preservation is found in chert (finely crystalline silica, or SiO 2 ) nodules formed within carbonate sediments soon after deposition (Fig. 1A -G,I -K,M,N). Chert preserves microfossils in remarkable detail, but this preservation is largely limited to peritidal environments in which, before the evolution of sponges and protists that secrete siliceous skeletons, silica precipitated from evaporating pore waters in coastal sediments (Maliva et al. 1989) .
Together, the preferential preservation of walls and envelopes and the exceptional preservation found in peritidal cherts go a long way toward explaining why paleontologists working on older rocks emphasize the fossil record of cyanobacteria. Many cyanobacteria have (by bacterial standards) large cells, so they are readily visualized using optical microscopy. Moreover, many taxa form polysaccharide sheaths and envelopes that resist decay and so become incorporated into the geologic record. To a degree that is unusual if not unique among bacteria, cyanobacteria display a range of distinctive morphologies, facilitating systematic treatment and comparison with extant forms. Observations of natural populations and taphonomic experiments show that cyanobacterial envelopes can preserve details of morphology and cell division, which record minute details of form and life cycle (Golubic and Hofmann 1976; Knoll and Golubic 1979; Bartley 1996) . And, finally, through much of recorded Earth history, cyanobacteria were both abundant and diverse in just those settings most likely to preserve an informative microfossil record. There are, as well, good intellectual reasons to focus on cyanobacteria: they are major primary producers and the source (either directly or indirectly through their descendants, the plastids) of the oxygen that pervades the biosphere. It is our good fortune, then, that the most tractable microfossil record chronicles some of the organisms we most want to know about as Earth historians.
Microbes unlikely to form morphologically distinctive microfossils may still be recorded by distinctive chemical signatures. Proteins and nucleic acids have negligible preservation potential in Archean (.2500 Ma) and Proterozoic (2500 to 541 Ma) rocks, but lipids can be preserved over billion-year timescales. Particularly important are hopanoids, the geologically stable derivatives of bacteriohopanepolyols synthesized by many (but by no means all; Pearson et al. 2007 ) bacteria. Within sediments, functional groups are commonly stripped from these molecules, diminishing their specificity, but the molecular skeleton can survive intact. Based on observation and experiment, organic geochemists attempt to relate preserved geological molecules to specific biological sources (Summons and Lincoln 2012; Briggs and Summons 2014 , and references therein). At present, lipid biosynthesis has been incompletely mapped onto microbial phylogenies, but, increasingly aided by genomic data, it is improving apace (e.g., Fischer et al. 2005; Sinninghe Damsté et al. 2005; Welander et al. 2010) . Although Archaea do not have a conventional fossil record, they can leave a geological signature via membrane lipids with isoprenoid cores linked to glycerol by ether bonds (Koga and Morii 2005) .
Still more biological information can be gleaned from stable isotope abundances. If, for example, we go to the Bahama Banks and measure the stable carbon isotopic composition of both carbonate sediments and the organic matter incorporated into accumulating beds, we will find that, relative to carbonate, the organic matter is depleted in 13 C by about 25‰. The isotopic composition of the carbonate phase is pinned to that of dissolved inorganic carbon in seawater, whereas the composition of the organic matter additionally reflects enzymatically controlled isotopic fractionation during photosynthetic carbon fixation (Hayes 2001) . The degree of fractionation also reflects environmental factors, such as CO 2 availability, but to a first approximation, carbon isotopes record autotrophic processes in the biological carbon cycle. Different carbon fixation pathways have distinct isotopic signatures, but nearly all data suggest that the Calvin -Benson and, perhaps, WoodLjundahl pathways have governed global biological carbon fixation since Earth was young (Hayes 2001) . Most heterotrophic processes impose only a small additional fractionation on organic matter, but methanogenesis can generate CH 4 that is strongly depleted in 13 C. If this biogenic methane subsequently becomes incorporated into biomass by methanotrophic microbes, C-isotopes of sedimentary organic matter can provide a record of methanogenesis, methanotrophy, and, hence, both Archaea and Bacteria in ancient microbial communities (Hayes 1994) .
Oxidized (gypsum) and reduced ( pyrite) sulfur in sediments similarly show isotopic differences that reflect aspects of the biological sulfur cycle, principally, dissimilatory sulfate reduction (Canfield 2001) . As in the case of carbon, expressed fractionation reflects sulfate availability, as well as substrate and enzymatic discrimination (e.g., Bradley et al. 2011; Sim et al. 2011) . Fractionation beyond that usually associated with sulfate reduction has been interpreted in terms of microbial disproportionation of intermediate sulfur compounds (Canfield and Teske 1996) , a process that also leaves a subtle but measurable signature in the nonmass-dependent fractionation of the minor stable isotopes 33 S and 36 S (Johnston et al. 2005 ). Fractionation associated with denitrification plays a major role in determining the isotopic composition of inorganic nitrogen in the oceans and, hence, in the nitrogen preserved in marine organic matter (Altabet and Francois 1994) , and microbial iron metabolism can impart measureable fraction to Fe-isotopic abundances (complicated by a similar potential for abiotic fractionation; Anbar et al. 2000; PercakDennett et al. 2011) . In general, then, stable isotopes provide powerful tools for probing biogeochemical cycles in ancient ecosystems.
Microbial communities leave one other conspicuous signature in sedimentary rocks: the reef-like constructions called stromatolites (Fig. 2) . Stromatolites form via interactions between microbial mat communities and physical processes of sedimentation. Mat populations trap and bind fine sediment particles and/or induce carbonate precipitation, resulting in the upward accretion of a finely laminated structure (Walter 1976; Bosak et al. 2013 ). Stromatolites can be flat, domed, cone-shaped, or columnar, straight or with candelabrum-like branches, and they can attain dimensions that rival those of modern coral reefs. The morphological diversity of Archean and (especially) Proterozoic stromatolites reflects the wide environmental distribution of microbial mat communities before the radiation of animals, and variations through time reflect secular changes in marine carbonate chemistry as much as the evolution of mat-building populations (Grotzinger and Knoll 1999) . Specific mat-building communities can, however, leave signatures in physical textures expressed at the micron to millimeter scale . Even where microbial laminae do not accrete, mats can generate diagnostic textures on the surfaces of sand beds, further demonstrating that microbial communities were widespread on ancient seafloors (Noffke 2010) .
Other biosignatures exist. For example, magnetotactic bacteria synthesize chemically pure, single-domain magnetite crystals that can be preserved in sedimentary rocks (Kopp and Kirschvink 2008) . For the most part, however, Earth's deep microbial history is inscribed in the form of microfossils, stromatolites, molecular biomarkers, and stable isotopes.
MICROBIAL ECOSYSTEMS IN PROTEROZOIC OCEANS
Evolutionary history can be divided into three great chapters that correspond broadly (but not precisely) to the Archean, Proterozoic, and Phanerozoic Eons recognized by geologists (Fig. 3) . One might think that the story of early life should be told from the beginning, but as discussed in the next section, Archean rocks present interpretational challenges best appreciated in light of the better-preserved Proterozoic record. For this reason, we begin in the Proterozoic Eon, Earth's immensely long middle age that stretches from 2500 Ma until the beginning of the Cambrian Period (and Phanerozoic Eon), 541 Ma. Unlike Archean rocks, Proterozoic sedimentary successions are widespread, relatively unaltered by hydrothermal fluid flow or metamorphism, and, importantly, richly fossiliferous. Proterozoic cherts are full of cyanobacterialike microfossils, so much so that Schopf and Walter (1982) dubbed this interval the Age of Cyanobacteria. Without question, cyanobacteria were abundant, diverse, and widely distributed during most of the Proterozoic Era (reviewed by Knoll and Golubic 1992; Knoll 2008; Schopf 2011) . Cyanobacterial phylogenies differ in detail, but generally indicate that Gloeobacter and its close terrestrial relatives are sisters to other cyanobacteria; that early branches on the cyanobacterial tree include diverse coccoidal taxa traditionally assigned to the Chroococcales, as well as some simple filaments (Oscillatoriales); cyanobacteria capable of differentiating distinct cell types (Nostocales þ Stigonematales) form a derived clade within the group (e.g., Sánchez-Baracaldo et al. 2005; Tomitani et al. 2006; Shi et al. 2013) . Proterozoic microfossil populations have been related with confidence to a number of extant coccoidal taxa, including species of Entophysalis (Fig. 1J ) (Golubic and Hofmann 1976; Sergeev et al. 1995) , Chroococcus (Fig. 1M,N) (Knoll and Golubic 1979) . Gloeothece (Golubic and Campbell 1979) , Cyanostylon (Fig. 1E) (Green et al. 1987) and Gloeocapsa (Fig. 1I) , and both crust-forming and endolithic Pleurocapsaceae also have been identified (Fig. 1D) (Knoll et al. 1975; Zhang and Golubic 1987; Green et al. 1988) . Filamentous taxa interpreted in terms of extant Oscillatoria, Lyngbya, Phormidium, Spirulina, and Microcoleus (Schopf 1968 (Schopf , 2011 Schopf and Blacic 1971; Horodyski and Donaldson 1980; Mankiewicz 1982; Sergeev et al. 1995; Knoll et al. 2013 ) are common in microfossil assemblages (Fig. 1H ,K,L), and ellipsoidal microfossils thought to be the akinetes of nostocalean cyanobacteria occur commonly in mid-Proterozoic cherts (Fig. 1F) (Golubic et al. 1995; Srivastava 2005) .
Could some of these microfossil populations be misidentified as cyanobacteria? That is certainly possible for small, simple unicells and undifferentiated filaments or their sheaths, but is unlikely for larger, more complex forms preserved in distinctive environmental settings, for example, endolithic populations indistin- 
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Cite this article as Cold Spring Harb Perspect Biol 2015;7:a018093 guishable from modern Hyella (Fig. 1D ) (Green et al. 1988) or fossil akinetes preserved alongside short trichomes comparable to the germlings released by akinete germination (Fig. 1F,G ) Dworkin 2006) . Moreover, most silicified assemblages reflect oxygenated peritidal environments in which O 2 would have restricted the availability of alternative electron donors. Regardless of possible "false positives," the wide morphological diversity of cyanobacteria-like microfossils early in the Proterozoic Eon, with akinetes documenting cell differentiation no later than 1500 Ma (Golubic et al. 1995) and possibly as early as 2100 Ma (Amard and Bertrand-Sarfati 1997) , indicates that the major limbs of the cyanobacterial tree were established early. Philosopher T. Shanahan (2004) proposed that progress in evolution might be gauged by "the ability to survive and reproduce despite changing environments." If we accept this criterion-and the whole concept of evolutionary progress could be debated forever (e.g., Turner 2011)-then cyanobacteria seem to outshine humans and sequoias. Such a conclusion, however, rests on two assumptions: (1) that morphological similarities between Proterozoic and living cyanobacteria reflect genuinely close functional and phylogenetic relationships, and (2) that the environments represented by cyanobacterial fossil assemblages have varied substantially through time.
How variable have peritidal environments been through time? To the extent that fitness is tied closely to the harsh physical conditions of the tidal zone, these environments actually may be unusually constant, and the cyanobacteria that colonize them may be uncommonly persistent because few eukaryotes have adapted to the chronic physical and chemical stresses associated with tidal oscillation, environmental restriction, and storms. But, the peritidal environments experienced by Proterozoic cyanobacteria surely differed from the modern in some important ways. For one thing, pCO 2 was much higher (Kasting 1987) and pO 2 lower, perhaps only a few percent, or less, of modern values (Partin et al. 2013; Planavsky et al. 2014) . The long-term trajectories of atmospheric carbon dioxide and oxygen have been used to explain the Achilles' heel of oxygenic photosynthesis: the limited capacity of Rubisco to distinguish between CO 2 and O 2 , resulting in the energetically wasteful process of photorespiration (Ogren 1984) . This environmental history has also been linked to phylogenetic patterns in the optimization of the fixation rate and CO 2 affinity for Rubisco (Badger et al. 1998; Tcherskez et al. 2006 ) and the presence of CO 2 -concentrating mechanisms in cyanobacteria and most algae (Badger et al. 2002; Giordano et al. 2005) . Fossils are unlikely to record such adaptations.
Environmental history and comparative biology, then, suggest that cyanobacteria have not been genetically static for two billion years; indeed, some ecologically important clades (for example, the Prochlorococcus strains found today in oligotrophic marine waters) (Rocap et al. 2002) have radiated relatively recently. Nonetheless, close similarities in morphology, life cycle, environmental distribution, pattern of postmortem decay, and inferred behavior strongly suggest that modern cyanobacteria provide a reasonable basis for interpreting their Proterozoic counterparts.
Stromatolites provide important proxy information on the distribution of microbial mat communities (Fig. 2) ; for much of the Proterozoic Eon, mats covered the seafloor from tidal flats to the base of the photic zone (Walter 1976; Grotzinger and Knoll 1999 ). As noted above, most of these seafloor environments were oxic, sharply limiting the availability of alternative electron donors for photosynthesis and, therefore, supporting the hypothesis that cyanobacteria were principal architects of most Proterozoic stromatolites. The abundance of 2-methylhopanoids in Proterozoic rocks has also been interpreted in terms of cyanobacterial productivity (Summons et al. 1999; Talbot et al. 2008) , although the discovery of 2-methylhopanoids in other bacteria (Rashby et al. 2007; Eickhoff et al. 2013 ) and the absence in most marine cyanobacteria of genes required for hopanoid biosynthesis (Pearson et al. 2007 ) suggest a broader interpretation of biomarker data.
Despite uncertainties, it seems clear that in the moderately oxic environments of the Prote-rozoic surface ocean, cyanobacteria were major primary producers, relinquishing photosynthetic dominance on continental shelves to algae only near the end of the eon (Knoll et al. 2007 ). Low atmospheric pO 2 , coupled with warm temperatures that both increased rates of respiration and decreased O 2 solubility in seawater, resulted in widespread and persistent anoxia within subsurface oxygen minimum zones (Partin et al. 2013) . Biomarker evidence indicates that anoxic water masses sometimes impinged on the photic zone (Brocks et al. 2005) , and so anoxygenic photosynthesis also played a role in the marine carbon cycle, perhaps contributing to the persistence of low pO 2 in the Proterozoic biosphere (Johnston et al. 2009 ).
Low pO 2 may also have influenced the rates of photosynthesis in Proterozoic oceans. Many biologically important trace metals are redox sensitive, and so their availability in Proterozoic seas must have reflected the widespread distribution of subsurface anoxic, even sulfidic, water masses (Anbar and Knoll 2002; Saito et al. 2003) . For example, low availability of molybdenum, needed for high-efficiency nitrogenase, may have restricted cyanobacterial nitrogen fixation (Glass et al. 2009 ; but see Zerkle et al. 2005) . Redox structure may also have imposed a more direct limitation on the Proterozoic nitrogen cycle by minimizing nitrate levels in surface oceans and maximizing the loss of fixed nitrogen by denitrification and anammox reactions; low abundances of fixed nitrogen in many parts of the photic zone would favor primary producers able to fix nitrogen, that is, cyanobacteria and other photosynthetic bacteria (Anbar and Knoll 2002; Fennel et al. 2005; Boyle et al. 2013; Stüeken 2013 were all available for respiration in Proterozoic marine environments; because of persistently low pO 2 , anaerobes probably played a larger role in organic remineralization than they do today (Fig. 3) . Expanded methanogenesis, expected given lower levels of sulfate in Proterozoic seawater, may be recorded by the strong C-isotopic fractionation observed in organic-rich shales (Gilleaudeau and Kah 2013) . In general, biogeochemical data suggest that the biological cycles of C, N, S, and Fe were populated by microbes with energy metabolisms similar to those observed today, but with different fluxes and reservoir sizes.
Perhaps the most anomalous paleobiological record in Proterozoic rocks is that found in iron formations deposited 1900 -1800 Ma. Iron formations are distinctly Precambrian lithologies long used to argue for oxygen limitation in the early biosphere (Fig. 4C) (Holland 2006 is essentially insoluble. Thus, iron formations were deposited when and where iron could be transported in solution through anoxic water masses. Precipitation of the iron could, in principle, be linked to contact with oxygen gas in surface waters, photochemical oxidation, or oxidation by autotrophic bacteria using Fe 2þ as an electron donor .
For many years, iron formations were considered a unitary phenomenon, with a stratigraphic record that began with the oldest known sedimentary rocks and essentially ended 1900 -1800 million years ago. Better age control, however, now makes it clear that 1900 to 1800 Ma iron formations reflect a resurgence rather than a culmination of iron deposition in early oceans; only minor amounts of iron formation were deposited between 2400 Ma, when oxygen began to accumulate, and 1900 -1800 Ma, when sedimentologically distinct iron formations once again accumulated across North America and Australia (Fig. 3) . The resurgence of iron deposition has been linked to rapid crustal growth and exceptionally large plumes of mantle-derived magma (e.g., Rasmussen et al. 2012 ), a hypothesis that finds support in the distinctive Si isotopic composition of 1900-to 1800 Ma cherts (Chakrabarti et al. 2012) .
The modern era of Precambrian paleontology actually began with the discovery of microfossils in cherty iron formation of the 1900-to 1850 Ma Gunflint Formation, Ontario (Barghoorn and Tyler 1965) . Unlike most other microfossils in Proterozoic cherts, those of the Gunflint and other contemporaneous iron formations (references in Wilson et al. 2010 ) do not closely resemble modern cyanobacteria. Rather, the thin (1-2 mm), hematite-flecked filamentous sheaths that dominate Gunflint assemblages compare closely with modern ironoxidizing bacteria, such as Leptothrix (Fig. 4A ) (Cloud 1965) . Subdominant cocci 3-15 mm in diameter show little evidence of binary fission and commonly have circular openings in their walls, leading Strother and Tobin (1987) to interpret them as spores. Diverse but less common microfossils include both probable iron bacteria and possible planktonic cyanobacteria (Fig. 4B ) (Awramik and Barghoorn 1977; Knoll et al. 1978) . Local pyritization of Gunflint filaments appears to reflect sulfate-reducing bacteria that joined Fe-respirers in completing the local carbon cycle (Wacey et al. 2013) . The restriction of these assemblages to environments near the redoxcline and iron isotopic abundances consistent with chemoautotrophic iron oxidation lend further support to the view that Gunflint-type assemblages reflect distinctive microbial communities fueled by iron (Planavsky et al. 2009; Wilson et al. 2010) .
In general, then, the microbiology of Proterozoic oceans can be interpreted by reference to living microbes and their metabolisms, albeit operating within a world that was environmentally distinct from today's. Through the second half of the Proterozoic Eon, eukaryotes became 
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PROBLEMS OF ARCHEAN PALEOBIOLOGY
The Archean -Proterozoic boundary is currently defined as 2500 Ma, a round number relatively close to the first great influx of O 2 into the atmosphere and surface oceans at 2450 -2320 million years ago ( Fig. 3 ) (Holland 2006 ). As we have seen, when the geologic curtain rises on the moderately oxic Proterozoic biosphere, the paleobiological record seems to reflect extant microbial clades and familiar metabolisms. How far back can this record be traced? That turns out to be a hard question to answer. First of all, the sedimentary record decays as an approximate power-law function of age (Veizer and Jansen 1985) and, for much of the Archean, there is not much left to examine. Moreover, only in the late Archean Eon did large stable cratons emerge-continent-scale masses of granitic crust that decreased the probability of both metamorphic and hydrothermal alteration of sedimentary successions (Cawood et al. 2013) . On average, then, surviving Archean rocks are both fewer and less well preserved than their Proterozoic counterparts. In part, for these reasons, Earth scientists generally agree that life existed when the oldest known sedimentary rocks formed, but debate many of the observations used to support this conclusion.
The effects of hydrothermal fluid flow and metamorphism can be seen in the record of silicified microfossils, a rich source of information in Proterozoic deposits, but scarce and contentious in the Archean. Unambiguous microfossils occur in cherts of the 2500 to 2600 Ma Transvaal Supergroup, South Africa, one of the earliest carbonate platforms developed on a large craton (Lanier 1986; Klein et al. 1987; Altermann and Schopf 1995) . These fossils could be cyanobacterial, but unlike 2000 Ma assemblages from Canada (Hofmann 1976) , their simplicity, relatively poor preservation, and deposition in an anoxic environment (obviating any simple assumptions about electron donors) make systematic interpretation difficult.
Candidate microfossils in older cherts are few, with most reports focused on 3000 -3500 Ma successions in South Africa and Australia. Carbonaceous microstructures in these cherts include ,10 -50 mm spheroids, some in loose clusters; unusual spindle-shaped bodies; and, less commonly, solid or hollow filaments (Walsh 1992; Schopf 1993; Rasmussen 2000; Grey and Sugitani 2009; Sugitani et al. 2009a Sugitani et al. ,b, 2010 Sugitani et al. , 2013 . Some, especially clusters of uniform spheroids and rare hollow filamentous sheaths, broadly resemble unambiguous microfossils in younger rocks, whereas others differ morphologically from both uncontested microfossils and most living microorganisms.
What are the alternatives for interpretation? At least some Archean microstructures could be nonbiological features that reflect hydrothermal alteration and associated migration of organic carbon (e.g., Brasier et al. 2005; Sforna et al. 2014) . Migrating organics can be adsorbed onto mineral grains, and this is clearly evident in early Archean cherts (Knoll 2012) ; spheroidal and solid filamentous structures can also selforganize during metamorphism. Careful investigation shows that some Archean cherts contain multiple generations of silica and organic matter, underscoring the need for caution in paleobiological interpretation (Marshall et al. 2012) . There is an understandable tendency to compare Archean microstructures to wellpreserved fossils in younger rocks, but more telling comparisons might be made to younger, hydrothermally altered rocks; where this has been performed, the results are sobering (e.g., Kazmierczak and Kremer 2009) .
Biological interpretations of Archean microstructures find support in NanoSIMS analyses, which show consistent elemental and C-isotopic abundances within morphological classes, but differences among them Lepot et al. 2013 ). Also, a few early Archean populations show evidence of binary division and/or differentiated internal contents (Knoll and Barghoorn 1977; Sugitani et al. 2009b) . In combination, then, microchemistry and morphology suggest that at least some Archean microstructures may be correctly interpreted as microfossils. If fossils, however, these populations lack the diverse and distinctive morphologies attributed to cyanobacteria in Proterozoic rocks. Therefore, confidence in phylogenetic or physiological interpretation is low. Early Archean rocks also contain micron-scale structures interpreted by some as bacteria (Westall 2008) and more widely accepted microscopic borings attributed to endolithic bacteria (Furnes et al. 2007 ; but see Grosch and McLoughlin 2014) . Interestingly, some of the most convincing Archean microfossils come from shales. Javaux et al. (2010) reported compressed spheroidal envelopes up to 300 mm in diameter from 3200 Ma shales in South Africa. These structures are convincingly biological, but, again, their phylogenetic affinities remain conjectural.
Other lines of evidence illuminate early physiologies. C-isotopic analyses of carbonateorganic carbon pairs show a consistent fractionation of 25% -35‰, much like younger rocks (Schopf 2006) , suggesting that by 3500 million years ago, Earth had a biologically driven carbon cycle. Abiotic organic syntheses also fractionate C-isotopes (McCollom et al. 2010 ), but abiotic fractionation comparable to that observed in early Archean sedimentary rocks may require conditions unlikely to have been widespread on the early Earth. Moreover, isotopically light organic matter was deposited over wide expanses of early Archean seafloor, suggesting not only biological carbon fixation but photoautotrophy. 13 C-depleted graphite in metamorphosed sedimentary rocks .3700 Ma is consistent with a still earlier origin of the biological carbon cycle (Rosing 1999; Ohtomo et al. 2014) .
Given that the Archean biosphere was essentially oxygen free, how was organic carbon recycled? Without O 2 , aerobic respiration could not have proceeded, and absent the oxidative weathering of pyrite as a source of sulfate ions to the oceans, microbial sulfate reduction must have been limited, as was nitrate respiration . In contrast, Fe 2þ was widely distributed in Archean seawater, serving as the principal electron donor for early photosynthesis ; Fe 3þ generated by autotrophs, photochemical oxidation, or weathering would, in turn, have provided a major source of electron acceptors for Archean respiration. Indeed, the geochemistry of Archean iron formations suggests that, on the early Earth, the biological carbon and iron cycles were closely linked (Konhauser et al. 2005, Fischer and .
Fermentation and methanogenesis would also have played important roles in cycling carbon. Organic carbon in 2800 to 2400 Ma rocks can be depleted in 13 C by as much as 60‰, a distinctive isotopic signature reflecting coupled methanogenesis and methanotrophy (Hayes 1994) . Thermally altered lipids in 2700 Ma metasedimentary rocks provide independent evidence for late Archean Archaea (Ventura et al. 2007) ; contamination hovers as an issue over all reports of Archean biomarker molecules (Brocks 2011) , but, in this case, lipid emplacement appears to have predated peak late Archean metamorphism.
13 C-depleted methane in fluid inclusions within 3470 Ma cherts suggests that Bacteria -Archaea divergence occurred still earlier (Ueno et al. 2006) .
Despite low Archean sulfate abundances, Sisotopic fractionation recorded in sedimentary pyrites also suggests an early origin for biological sulfate (or sulfur) reduction. Again, however, one must consider abiological fractionation. In an anoxic atmosphere, photochemical processes would fractionate S isotopes in a massindependent fashion, and so careful analyses of all four stable S isotopes can constrain paleobiological interpretation (Johnston 2011) . Available data indicate that both biological and abiotic processes cycled sulfur on the early Earth (Shen et al. 2001; Philippot et al. 2007; Roerdink et al. 2012) .
Stromatolites occur in Archean carbonates, and, once again, the issue is to what extent physical processes can mimic biologically influenced form and fabric. Stromatolites that accrete when microbial mats trap and bind fine sediment particles have textural features not easily generated by physical processes alone. In contrast, accretion by precipitation can build laminated structures with or without mat communities (Grotzinger and Knoll 1999) . In Proterozoic oceans, stromatolites accreted principally by trapping and binding, but in earlier Archean successions, precipitated forms predominate. Many of the stromatolites in the ca. 3400 Ma Warrawoona Group, Australia (Fig. 4D) reflect principal control by physical chemistry (Wacey 2010) , but a few details of morphology and petrology flag the presence of microbial mats (Hofmann 1999; Allwood et al. 2006 Allwood et al. , 2009 . Further evidence for mats comes from ripped up and redeposited sheets of organic material (Walsh 1992; Tice and Lowe 2004) and, in younger Archean successions, microbially induced textures on sandstone bed surfaces (Noffke et al. 2008 ). Tice and Lowe (2006) proposed that hydrogen provided electrons for photosynthesis in early Archean ecosystems, but, in reality, we know little about mat communities 3400 Ma.
In general, then, it seems that by the time we get our first reasonably clear view of the Earth's surface, at 3400 -3500 million years ago, life was already present. Mat communities were widely distributed, and carbon and sulfur were cycled via linked anaerobic metabolisms. Iron very likely played a key role in driving the microbial carbon cycle (Fig. 3) . When did cyanobacteria, with their metabolic potential to reorganize the biosphere, enter the picture?
A minimum date for crown group cyanobacteria is provided by the initial oxygenation of the atmosphere and surface ocean at 2450 -2320 Ma-there is simply no alternative to photosynthesis for the volume of oxygen that accumulated at this time. Molecular clocks, calibrated on the basis of Proterozoic fossils and younger archaeplastid taxa, provide only broad constraints, but recent studies suggest cyanobacterial emergence well before the oxygenation event (Falcó n et al. 2010; Schirrmeister et al. 2013) . If correct, and the uncertainties are large, this requires processes capable of inhibiting oxygen accumulation for up to several hundred million years.
Late Archean stromatolites and carbon isotopes are perfectly consistent with cyanobacterial emergence 2700 million years ago or earlier (Buick 2008) , but, as already discussed, in the absence of unambiguous microfossils or evidence of atmospheric oxygen, it is difficult to rule out alternative interpretations. Bosak et al. (2009) proposed that 3000 Ma stromatolites were built by cyanobacteria, citing fabrics generated by gas bubbles. Oxygenic photosynthesis is the one photoautotrophic pathway that produces gas as a by-product, although methanogenesis within mats provides an alternative gas source. Microfossils provide little insight. The morphologically distinctive cyanobacterial populations preserved in younger rocks are not evident in Archean cherts, but it remains an open question whether this reflects the evolutionary absence of blue -greens or the taphonomic consequences of hydrothermal fluid flow and an Archean Si cycle strongly influenced by iron (Fischer and Knoll 2009 ). Mo and other trace metal abundances have also been used to infer local oxygen accumulation before 2400 million years ago (Anbar et al. 2007; Wille et al. 2007) . The "whiff of oxygen" hypothesis draws support from several geochemical quarters, but is not without its uncertainties (Farquhar et al. 2011) and critics (e.g., Johnson et al. 2013) . The case for cyanobacteria-generated oxygen oases in Archean oceans continues to grow, but when oxygenic photosynthesis first evolved remains a major question in microbial paleobiology.
CONCLUSIONS
The geologic record shows that Earth has been a biological planet for at least 3500 million years and was an exclusively microbial planet for much of this time. During the first billion years of recorded Earth history, ecosystems were largely, if not entirely, anoxic, and so the microbial cycling of carbon and other elements involved an expansive array of electron donors but a narrower list of electron acceptors. About 2400 million years ago, cyanobacteria transformed the Earth, as photosynthetic oxygen production began to outstrip oxygen consumption. Oxygen levels in the atmosphere and surface ocean may have spiked during the great oxygenation event (Partin et al. 2013 ), but soon fell to modest levels, perhaps no more than a few percent of the present day, and re-mained low until near the end of the Proterozoic Eon. Accumulating O 2 limited the diversity of electron donors in surficial environments, whereas building the reservoirs of electron acceptors, including sulfate and, eventually, nitrate aerobiosis dramatically expanded biosynthetic capacity among microorganisms (Raymond and Segre 2006) . Nonetheless, in the ocean subsurface, anoxia remained common.
About 570-550 million years ago, oxygen levels increased again, heralding the radiations of large complex animals and, later, plants. Profound as it was, this biological state change did little to diminish the fundamental roles of microbes in functioning ecosystems. Cyanobacteria still account for nearly a quarter of all photosynthesis and the rest is accomplished by plastids, the modified descendants of cyanobacteria. Similarly, microbial metabolisms remain important in heterotrophic carbon cycling, and microbes still define the metabolic pathways by which other biologically important elements are cycled. Every animal on Earth probably contains microbial symbionts and is subject to microbial pathogens (e.g., McFall-Ngai et al. 2013) . From a microbial perspective, then, the radiations of complex multicellular eukaryotes simply expanded their evolutionary opportunities, providing new kingdoms to conquer.
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